Background: Polo-like kinase 1 (Plk1) has an important role in mitosis. Volasertib (BI 6727), a potent and selective cell cycle kinase inhibitor, induces mitotic arrest and apoptosis by targeting Plk; this phase I study sought to determine its maximum tolerated dose (MTD) in Asian patients with advanced solid tumours.
reported to be correlated with poor prognosis in various cancers (Strebhardt, 2010) . Preclinical studies have demonstrated the functional relevance of Plk1 as a potential therapeutic target in cancer. Plk1 inhibition leads to a disruption in spindle assembly causing a distinct mitotic arrest phenotype ('Polo-arrest') and subsequent apoptosis (Spankuch-Schmitt et al, 2002; Liu and Erikson, 2003; Rudolph et al, 2009) . As a result, Plk1 is emerging as a promising novel target for anticancer therapy.
Volasertib (Boehringer Ingelheim (BI) 6727; an investigational agent currently in clinical development) is a potent and selective Plk inhibitor that induces mitotic arrest and apoptosis (Rudolph et al, 2009) . The chemical structure of volasertib has been previously published (Rudolph et al, 2009) . In preclinical studies, volasertib demonstrated broad antitumour activity in multiple cancer models and a promising pharmacokinetic (PK) profile indicative of high and sustained exposure in tumour tissue (Rudolph et al, 2009) . In a phase I trial of Caucasian patients with solid tumours, volasertib administered on day 1 of a 3-week treatment course demonstrated antitumour activity with a generally manageable safety profile (Schöffski et al, 2012) .
As population-specific data are critically needed to optimise dosing from a safety perspective owing to potential ethnic differences, this phase I study of escalating doses of volasertib administered to Asian patients with advanced solid malignancies was conducted. The purpose of this study was to confirm in Asian cancer patients the maximum tolerated dose (MTD) previously established in Caucasians, and to establish the MTD of an alternative administration schedule. The safety, tolerability, PK, and efficacy of volasertib were assessed using two different schedules with identical cycle lengths (21 days): volasertib was administered once on day 1 (schedule A) and volasertib was administered once a week on days 1 and 8 (schedule B).
MATERIALS AND METHODS

Trial design.
This was an open-label phase I dose-escalation study of volasertib in patients with advanced cancer conducted at two sites in Taiwan (NCT00969553). The primary end point was the determination of the MTD, defined as the highest dose of volasertib studied for which the incidence of dose-limiting toxicity (DLT) was less than two of six patients in the first treatment course, for the two dosing schedules. Secondary end points included the incidence and intensity of adverse events (AEs), objective tumour responses, progression-free survival (PFS), response duration, and PK. The study was conducted in accordance with the principles laid down by the Declaration of Helsinki and approved by the independent ethics committees and/ or institutional review boards of the participating centres.
Patient selection. Patients aged X18 years of age with histologically or cytologically confirmed diagnosis of advanced, nonresectable, and/or metastatic solid cancer, who had failed conventional treatment, or for whom no therapy of proven efficacy existed, or who were not amenable to established forms of treatment, were eligible for inclusion. Other eligibility criteria included the Eastern Cooperative Oncology Group performance status p2, recovery from toxicities from previous treatments, adequate bone marrow, liver, and renal function (absolute neutrophil count X1500 mm À 3 , platelet count X100 000 mm À 3 , total bilirubin p1.5 mg dl À 1 (p26 mmol l À 1 , SI unit equivalent), aspartate aminotransferase and/or alanine aminotransferase p2.5 times the upper limit of normal (ULN, if related to liver metastases o5 Â ULN), and serum creatinine p1.5 Â ULN), a life expectancy X12 weeks, no chemo-, radio-, immuno-, molecular-targeted, or investigational therapy p4 weeks before treatment with the study drug (except steroids and bisphosphonates), and no known history of relevant QT-prolongation. All patients were required to provide written informed consent consistent with International Conference on Harmonisation-Good Clinical Practice and local legislation.
Treatment and dose-escalation. Patients were sequentially assigned to one of the two volasertib dosing schedules and a 3 þ 3-dose escalation design (Kang and Ahn, 2002) was used to evaluate the MTD in each treatment arm. Volasertib was administered by intravenous infusion for over 2 h using two schedules: day 1 every 3 weeks (schedule A) or day 1 and day 8 every 3 weeks (schedule B). The preplanned dose levels were 100, 200, 250, and 300 mg (in case of good tolerability, the dose could be further escalated up to 400 mg) for schedule A and 50, 100, 150, and 200 mg (with escalation to 250 mg in case of good tolerability) for schedule B.
Cohorts of three to six patients were enrolled sequentially into escalating dose tiers of volasertib. Dose escalation was conducted for each treatment group following a 3 þ 3-design, where cohorts of three patients were treated per dose until the highest dose (MTD) was found at which no more than one out of six patients experienced a DLT in the first treatment course. If one of the three patients experienced a DLT in the first course, three additional patients were enrolled to the cohort. A DLT was defined as the following events: drug-related neutropenia Common Terminology Criteria for Adverse Events (CTCAE) grade 4 for X7 days or any grade drug-related febrile neutropenia or neutropenic infection; drug-related grade 4 thrombocytopenia; or drug-related grade X3 non-haematologic toxicity (except untreated nausea, vomiting, or diarrhoea). The following events also constituted a DLT for schedule B only, if considered to be drug-related and present on day 8: grade X3 neutropenia, grade X3 thrombocytopenia, or grade X2 non-haematologic toxicity (except alopecia, untreated nausea, vomiting, or diarrhoea). During course 1, the use of growth factors for the treatment of haematotoxicity was not encouraged except for life-threatening circumstances.
In the dose escalation part of this study, an intra-patient dose escalation from lower dose levels of volasertib to higher dose levels (without exceeding the MTD or defined maximal dose) was allowed, if supported by safety observations, to increase the probability of clinical benefit (good tolerability resulting in a permissible dose escalation was defined as non-haematological drug-related AEs grade o2 and haematological drug-related AEs grade o3). All decisions regarding intra-patient dose escalation were made only in agreement between the investigator and sponsor. Patients experiencing DLTs were eligible for further treatment at one dose tier below. Treatment was discontinued if the DLT was not reversible. After determination of the MTD, or on reaching the highest pre-specified dose level, a total of up to 18 patients were entered at the MTD in order to gain additional safety data. Patients were treated as long as clinically benefitting or until occurrence of an intolerable AE or consent withdrawal.
Assessments. Safety measurements included monitoring of AEs, vital signs, electrocardiograms (ECGs), laboratory evaluations, and patient performance status. The incidence and intensity of AEs during the course of the study were recorded and classified according to CTCAE version 3.0. AEs were coded centrally using the Medical Dictionary for Regulatory Activities. The durations of cytopenias reported as DLTs were calculated based on corresponding lab values. Triplicate digital 12-lead resting ECGs were performed at baseline (defined as the mean of the triplicate at the time point closest to, but before, the start of the infusion), before infusion, and after (1, 2, 3, 8, and 24 h) volasertib infusion.
Blood samples for the detection of volasertib in plasma were obtained predose and at up to seven time points (1, 2, 2.5, 3, 4, 8, and 24 h) after a 2-h infusion of volasertib. Samples were analysed by a validated high-performance liquid chromatography, tandem mass spectrometry assay. Standard non-compartmental PK evaluation was assessed using WinNonlin (v5.2, Pharsight Co., St Louis, MO, USA).
Objective tumour response was assessed by tumour measurements using computed tomography or magnetic resonanceimaging scans, performed at baseline and at the end of every other treatment course, and evaluated according to Response Evaluation Criteria in Solid Tumours (RECIST) 1.0 (Therasse et al, 2000) . PFS was analysed using the Kaplan-Meier method (Kaplan and Meier, 1958) .
RESULTS
Patient demographics and disposition. A total of 59 patients (32 in schedule A, 27 in schedule B) were enrolled between 28 August 2009 and 10 March 2011. All patients received previous anticancer therapies; many patients were heavily pre-treated with 46.9% (schedule A) and 40.7% (schedule B) previously treated with at least three chemotherapy regimens ( Table 1) . As of 27 October 2011, 31 patients in schedule A (96.9%) and 25 patients in schedule B (92.6%) had discontinued treatment, the majority owing to progressive disease (65.6% and 77.8%, respectively). Three patients (one patient in schedule A and two in schedule B) were still receiving treatment as of 27 October 2011.
Treatment exposure. Patients received between 1 and 23 courses of treatment with volasertib, with a median (range) of 4 (1, 16) courses initiated in schedule A and 3 (1, 23) courses initiated in schedule B. The median total exposure time in both treatment schedules was 85 days, which is consistent with a median of four courses based on a course length of 21 days. The median total dose in both treatment schedules was 900 mg. Overall, 12 patients had a dose escalation, 10 (31.3%) in schedule A and two (7.4%) in schedule B. Ten patients that continued treatment following recovery from a DLT had a dose decrease per study protocol, seven (21.9%) in schedule A and three (11.1%) in schedule B.
DLTs, safety, and tolerability. In schedule A, one DLT was reported in the 250 mg dose group (n ¼ 6) during course 1. No DLTs were reported following dose escalation to 300 mg (n ¼ 6). Therefore, the volasertib dose was escalated to 350 mg (n ¼ 3). All three patients at this dose had DLTs in the first treatment course ( Table 2 ). The patients recovered from their DLTs and all three were subsequently treated at a reduced dose without recurrence of DLT. On the basis of DLTs reported, the MTD for volasertib was determined to be 300 mg for schedule A.
In schedule B, two out of three patients in the 200-mg dose group had DLTs in the first treatment course at this dose. Both patients recovered from DLT and received further treatment with volasertib at a reduced dose without recurrence of DLT. The MTD for volasertib was determined to be 150 mg for schedule B. The DLTs typically occurred on treatment days 8-15 and did not cause significant delays in subsequent treatment.
According to the protocol, enrolment was continued at a dose of 300 mg in schedule A and 150 mg in schedule B to gain more safety information at the MTD levels. In total, 17 patients received the 300 mg dose and 16 received the 150 mg dose. Four patients experienced DLTs (grade 4 neutropenia for X7 days; grade 4 febrile neutropenia; and grade 4 thrombocytopenia) during course 1 in the expansion cohort for schedule A. None of the patients in the expansion cohort of schedule B experienced DLTs ( Table 2) .
The most common all grade and grade X3 AEs, irrespective of relatedness, in schedules A and B were neutropenia, leukopenia, anaemia, and thrombocytopenia (Tables 3 and 4 ). The most common drug-related AEs (in schedule A and B, respectively) were neutropenia (56.3% and 33.3%), leukopenia (56.3% and 33.3%), thrombocytopenia (62.5% and 14.8%), and anaemia (40.6% and 18.5%). The incidence of drug-related haematological side effects appeared to be dose-related in both dose schedules.
Mild and transient increases from baseline in QTcF (QT interval, corrected for heart rate according to Fridericia's formula) intervals were observed. At the MTD levels, the maximal mean change (±s.d.) from baseline was 21.0 (±10.6) and 14.9 ( ± 11.7) ms observed 2 h post-administration during the first two courses for schedule A (300 mg) and schedule B (150 mg), respectively. The maximal mean change of QTcF was observed at the end of infusion (that is, 2 h post start of administration), and the magnitude of the effect was comparable across all courses. By the 8-h post-dose assessment in the first course, the values returned to baseline levels. No related clinically relevant cardiac AEs related to a prolonged QT interval were reported. There were three deaths during the course of the study. All three were due to the underlying cancer and none were considered related to volasertib.
At the MTD of schedule A (300 mg), 11 of 17 patients had a change of neutrophil counts from grade 0 or 1 at baseline to a worst case of grade 3 or 4 with treatment. Four patients had a DLT related to neutropenia; two of these patients developed transient febrile neutropenia (3 and 4 days) as a DLT, which did not lead to study discontinuation. Nine patients had a change of platelet grading from grade 0 or 1 at baseline to a worst case of grade 3 or 4 with treatment. Two patients had thrombocytopenia (grade 4) as DLT in the first course; both events were transient (3 and 8 days) and did not lead to treatment discontinuation. At the MTD of schedule B (150 mg), three of 16 patients had a change of neutrophil grading from grade 0 or 1 at baseline to a worst case of grade 3 or 4 with treatment. None of these changes met the criteria for DLT. None had a change of platelet counts from 0 to 1 at baseline to a worst case of grade 3 or 4 with treatment. There were no DLTs of thrombocytopenia (grade 4) observed in schedule B. On the basis of these results, volasertib was considered tolerable in Asian patients with solid cancer at the determined doses. In addition, among patients who had intra-individual dose escalation, three patients in schedule A and one patient in schedule B, respectively, had been treated at the MTD and were escalated from the MTD to a higher dose (up to 350 mg and 200 mg, respectively). No DLTs were observed in this cohort.
PK. Volasertib exhibited multi-exponential plasma concentration profiles (Figure 1 ). The volume of distribution at steady state (V ss 43000 l) was large with a moderate clearance of 4770 ml min À 1 . An apparent terminal half-life (t 1/2 ) of B135 h was observed (Table 5 ). No accumulation was observed when volasertib was administered on day 1 and day 8 in schedule B. Patients who were enrolled after maximum tolerated dose (MTD) had been determined. Table 3 . Number of patients with adverse events grade 3 or 4 in 45% of patients in schedules A and B combined irrespective of relatedness: schedule A (all doses) 
Antitumour activity. Two partial responses were observed in this study. A patient with ureteral urothelial carcinoma (wild-type Overall, 26 (44.1%) patients showed stable disease as their best overall response (14 (43.8%) patients in schedule A and 12 (44.4%) patients in schedule B). Eleven patients have been treated for 10 courses or more, and one patient with bladder urothelial cancer with lymph node metastasis was treated for 23 courses. This patient was initially treated at 50 mg in schedule B and her disease remained stable for 48 months, before the dose was escalated to 150 mg after disease progression. The median PFS over all dose groups was 49 days (range, 30-274 days) in schedule A and 56 days (range, 8-499 days) in schedule B.
DISCUSSION
This study was the first to assess the MTD, safety, and efficacy of volasertib in a day 1 and day 8 dosing schedule, and also the first to investigate the MTD of volasertib in Asian patients with cancer. 
Grade 3 Grade 4 Grade 3 Grade 4 Grade 3 Grade 4 Grade 3 Grade 4
Abbreviations: AEs ¼ adverse events; GI ¼ gastrointestinal. The MTD of volasertib as a 2-h infusion was determined to be 300 mg when administered on day 1 of a 3-week treatment course (schedule A) and 150 mg when administered on days 1 and 8 of a 3-week treatment course (schedule B). The MTD determined in schedule A of this study is the same as the recommended phase II dose determined in a previous phase I study in Caucasian patients with solid tumours (Schöffski et al, 2012) , indicating that for future development Asian and Caucasian patients can be enrolled in global clinical trials without the need for dose adaptations.
Considering the potent antimitotic mode of action and compared with conventional mitosis inhibitors, volasertib was generally well tolerated up to the MTDs determined in this study and its safety profile was comparable to that observed in the phase I/II trials in Western populations with solid tumours (Schöffski et al, 2012; Stadler et al, 2014) . The drug-related AEs reported as dose limiting were typically haematological including grade 4 thrombocytopenia, grade 4 neutropenia for X7 days, and/or neutropenia complicated by infections (febrile neutropenia), and were transient and clinically manageable with an established standard of care. As most neutropenias were transient, prophylactic treatment with a granulocyte colony-stimulating factor was not indicated. There were fewer patients with a DLT or grade X3 haematological AEs at the MTD in schedule B than in schedule A, although no formal comparisons were made between the two volasertib dose schedules. These findings may have implications for dosing in future trials of volasertib in patients with solid tumours. A dose-finding study of weekly volasertib with growth factor support may achieve a higher MTD with potentially higher efficacy.
Volasertib had antitumour activity in this cancer patient population comparable to that observed in other phase I/II trials in Western populations (Schöffski et al, 2012; Stadler et al, 2014) . Volasertib demonstrated multi-compartmental PK behaviour with an apparent half-life of 135 h, moderate clearance and a large volume of distribution. It is likely that the high volume of distribution (43000 l) and long t 1/2 (135 h) of volasertib resulted in an increased and more sustainable tumour exposure than in previous studies with BI 2536, a dihydropteridinone derivative similar to volasertib. This is in contrast to studies of BI 2536, which demonstrates an inferior PK profile (lower volume of distribution (1000 l) and shorter t 1/2 (15 h)) compared with volasertib and did not demonstrate objective responses in patients with solid tumours (Mross et al, 2008; Hofheinz et al, 2010; Frost et al, 2012; Schöffski et al, 2012) . Volasertib is primarily eliminated unchanged with metabolism representing a relatively minor elimination route as indicated by low exposures of the main metabolite (data not shown). Therefore, PK drug-drug interactions are not expected with concomitant medications.
Other Plk inhibitors currently in phase I/II clinical development include GSK461364 (Olmos et al, 2011) , HMN-214 (Garland et al, 2006) , MK-1496 (Doi et al, 2011) , NMS-1286937 (NMS-P937) (Valsasina et al, 2012) , and TAK-960 (Hikichi et al, 2012) . Volasertib has shown signs of antitumour activity in a variety of disease settings (Schöffski et al, 2012) , such as malignant melanoma and urothelial carcinoma (Stadler et al, 2014) . Two of 17 patients with advanced solid tumours achieved partial responses in a phase I study of MK-1496, which also has a long half-life Table 5 . Non-compartmental PK parameters of volasertib (gMean and gCV %) after the first 2-h intravenous infusion of volasertib 100-350 mg (schedule A) or 50-200 mg (schedule B)
Schedule A gMean gCV (%) gMean gCV (%) gMean gCV (%) gMean gCV (%) gMean gCV (%) Owing to the short dosing interval, t1/2 could not be accurately determined in schedule B, therefore MRT, CL, and Vss were not calculated. (Doi et al, 2011) . In contrast, no objective responses were reported to date in phase I trials of either GSK461364 (Olmos et al, 2011) or HMN-214 (Garland et al, 2006) in patients with advanced solid malignancies. Phase I trials of NMS-1286937 and TAK-960 in patients with advanced solid tumours are currently ongoing.
In conclusion, this phase I study determined that intravenous volasertib was generally well tolerated up to the identified MTDs of 300 mg (schedule A) and 150 mg (schedule B). Volasertib had a safety profile consistent with its antimitotic mode of action, and a favourable PK profile. These data support Plk as a therapeutic target, warrant further development of volasertib, and suggest a harmonised dosing for Asian and Caucasian patients.
